Abstract -The critical observations of Berens and Folt (1) and Collins and Krfer (2) have focused research on the particulate nature of PVC. It has been shown by many working in the field that this particulate nature is the controlling feature in both the fusion and flow behavior of PVC compounds. The morphological nature of the suspension resin can be related to the ease of processing of PVC compounds. Resin particles with interior particulate material loosely packed break apart easily and are more readily processed than tightly packed systems. Resin particle uniformity is also important in the fusion process. A model for the fusion process of PVC is proposed based upon these findings.
The reasons for this delay in the technical investigations of PVC was most likely due to the unique and complex properties of this polymer. In addition to the complex properties of PVC, a second major drawback to its study is its thermal degradation properties.
What I will do in this presentation is to present a brief overview of the last two decades of scientific work on PVC, then a sumary of the present work that is being done, and lastly, I will summarize what I feel are the areas of future research in the rheological and processing properties of PVC.
In the early 1960's, those of us who were working determining the melt flow properties of PVC, essentially were treating PVC.. as a normal homogeneous polymer melt (1) (2) (3) (4) (5) .
Results usually were presented in the form of flow curves (Fig. 1) . These compounds or polymer systems were normally prepared by milling the polymer and then compression molding the material into suitable sanples for the rheometers used at that time. This approach of milling and molding was done in order to obtain so-called reproducible sanples and to give reproducible results. We observed the normal melt behavior of a polymer in the study of the these systems. The elastic irregularities present in poliner flow were observed, such as the shark skin and melt fracture.
We also observed the die swell behavior that is typical of polymer melts. The one piece of data that was reported at that time, that was not understood, which Ithink we can now explain, was the effect of temperature on die swell (3) .
At that time it was reported that the die swell increased with temperature, which was not typical of other polymers. Normally, the die swell would decrease with increasing temperature.
In the late 1960's, Berens & Folt published their now historic paper on the particulate nature of PVC melts (6) .
In their original work, Berens and Folt were studying emulsion polymers, but in a later paper, they extended the particulate nature to suspension polymers (8, 9) . Shortly after Berens' paper was published, Collins and Krier (7) published an analysis of the temperature dependence of the flow properties of PVC. In this landmark paper, Collins and Krier pointed out that there was a transition in the flow unit in PVC that occurred at approximately 200°C.
This paper sent us all back to examining our previous data and looking at it not as an experimental error or experimental difficulty, but looking at it in terms of a change in flow mechanism.
Figure (2) shows some data that we had originally published as a linear plot, but Collins' paper, definitely showed there was a change in flow mechanism. More detailed study of these polymers systems showed that at a low temperature, the viscosity could actually increase as one increased the temperature, rather than the expected decrease as shown in Figure ( 3). These two papers, the Berens and Folt paper and the Collins and Krier paper, opened up a whole new avenue and a completely new approach to the study of PVC melts. Up to this point in time, we were considering PVC melts as a homogeneous system and trying to explain its behavior on the basis of a homogeneous entanglement network without too much success. The advent of the viewing of PVC melts as a heterogeneous supermolecular structured material, allowed us to have a better insight into the behavior of PVC.
The decade of the 70's has been primarily devoted to studying the origins of this particulate structure within the PVC melt. Figure (4) is a schematic diagram as we now perceive the PVC particulate structure. The accepted view for PVC suspension resin structure is a 100 to 200 micron particle, made up itself of aglomerates of particles from 20 to 50 microns (27) . Within the large resin particle, there are microparticles of an order of magnitude of 1 to 2 microns. These, in turn, are composed of submicroparticles of the order magnitude of 100 to 1000 A°. Figure  (5 ) is a picture of a typical PVC suspension particle, the exterior being a prune-like surface, obviously formed by agglomeration of smaller particles. This particular resin particle, has a break in the skin through wtiich one can see the micron particles. Figure  (6 ) is a better view of the interior of a fractured PVC particle, showing the micropartides and also the skin, a pericellular membrane. Figure (7) is a fractured PVC particle in which one of the microparticles has fractured showing again the skin about this particle, the interior is composed of very small angstrom sized submicroparticles.
These submicroparticles measure about 400 to 800 A°. HoLbJsolo L6OJO uq BLOGGTU bLOb6LjT62 O b0J?iATUlj GJJJOLTq6 changes in the capillary entrance pressure loss. This methodology is an indirect method and reflects the degree •or extent of fusion of the resin materials. Direct morphological evidence can be obtained by microscopic evaluation of a processed resin. The PVC fusion process is a multistep process.
The first step we have observed in both Brabender and extruder studies, is the breakdown of the resin particles, followed by a compaction of the broken particles (31) . Sintering and interdiffusion is the third step of the process, both sintering of the micro and submicroparticles. Interparticle strength is developed and is the main factor determining the strength of fused materials. Yve used a temperature of lkO°C with a capillary of diameter 1.6 imi with a length of 0.38 m. This gives a L over D of 0.2k for our flat entry die. The measurements were made at a shear rate of 6 seconds (-1). The measured variable was the pressure to achieve this flow rate. Using a temperature programed Brabender (2k), we obtained samples sheared at different temperatures. As you can see, both compounds undergo first a drop in the pressure, which due to a decrease in the particle size of the resin, followed by a increasing pressure loss in the capillary entry.
At approximately 200°C both compounds achieve a plateau in the entry pressure loss data. It is apparent from the curve, the absolute level of the entry pressure is dependent upon the formulation.
As stated before, this sort of measurement of
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LGqr1cUd o GLO bGLcGuç g agr4Tuä guq jo JØ g G ugJ tI12TOU bJgGgn (33) the coefficient of friction of PVC compounds was changed considerably with addition of lubricants. Unfortunately, we still need to be able to incorporate this into a mechanism of effective lubrication and understand the role the lubricants play in the fusion process.
Chauffoureaux (26) has shown that there is a direct relationship between the lubricant and the lubricant package on the flow and the flow mechanism in the die itself. His extensive and careful studies of the flow profiles and flow velocities in a die have shown a definite slip at the die wall which is a function of lubricants and temperature of the material in the die. Chauffoureaux has hypothesized that the role of the lubricant is diffusion of the lubricant to the wall with displacement of the PVC from the wall area. Slip is due to the shear of the lubricant layer itself. The lubricant's exact role will have to be understood in order to design a better compounding package for PVC resins and to be able to produce better degrees of processability.
We can discuss the additives that are used in PVC compounds separately, but it must be stated and emphasized that these additives do not act independent of each other. In cornmercial practice, one has to look at the additives package as a whole, it is necessary to balance these carefully. In particularly, you must take care balancing the stabilizerlubricant package. Processing aids are another common additive in a PVC compound. These materials are extremely interesting, although the mechanism by which they function is not totally understood. Generally, processing aids have a fairly high glass transition temperature relative to PVC, but at the same time, they have a lower tack temperature. The tac temperature is defined as the temperature at which the material has a viscosity of 10 poise. This is the viscosity level where the material will either stick to itself or where intermolecular diffusion can occur. It is believed that the operating principal of a processing aid, is that it becomes tacky at a lower temperature than the PVC, and hence, functions as glue or heat transfer media for the PVC, initiating fusion of PVC. We surmise that the major function of the processing aid is to speed up the fusion or to initiate the fusion of the PVC. Now it is rather obvious that if we add a processing aid to speed up fusion and we add a lubricant to delay fusion, that we are essentially trying to compensate the action of the two additives. A good balance between processing aid and the lubricant is imperative so that one compensates for the other in addition to serving its own intended purpose. In many ways, small amounts of plasticizing additives behave similar to processing aids. A plasticizing additive does lower the temperature which fusion can take place, thereby increasing the rate fusion of the PVC resin.
Often stabilizers themselves are plasticizers or they contain small amounts of plasticizers and can function in the capacity as a processing aid.
At this point, we have only briefly touched upon the molecular properties of the PVC molecule. By comparing PVC to other polymers, one finds major differences in the molecular properties of the polymer molecule. If one compares PVC to a polyethylene of about the same weight average molecular weight, it is found that PVC at low shear rates has a melt viscosity three times the viscosity of the polyethylene. Other polymers do not show this large a difference in melt flow behavior. This difference in the molecular properties is certainly interesting, but we clearly don't understand it very well. You cannot explain the differences between a polyethylene and PVC, due to chain-branching or chain-configuration. Experiments have been done reducing PVC with lithium aluminum hydryde to essentially a polymethylene-type polymer, a polyethylene model. When this experiment is done, the polymer molecule undergoes two major changes in its behavior. The first change is the melt viscosity is reduced and secondly, the melt elasticity of polymers is reduced. One can conclude from this type of experimentation, that the molecular architecture of the polymer is not responsible for the higher viscosity and elasticity of the PVC molecule. There are two possible rationalizations of melt viscosity behavior of PVC. The first explanation might be that we are dealing with a polymer, that contains a chlorine group acting as a large bulky side chain increasing the rigidity of the polymer chain which in turn increases the viscosity.
The second potential argunent is that PVC due to its polarity is highly associated in the solid state. It would be expected that such a material would have a higher viscosity behaving like a higher molecular weight polymer. This latter explanation is given some credence when one looks at the behavior in dilute solution. It is well known that PVC in dilute solution behaves as an associated polymer. Indeed, it is difficult or almost impossible to get a total disassociated PVC solution.
A second unique molecular property of PVC is the molecular weight distribution found in commercial resins. PVC is unique in the sense that it has a very narrow molecular weight distribution. Using weight to number average as a crude index of distribution, the values for PVC fall in the range from two to approximately four for all commercial PVC resins. In contrast, this ratio is anywhere from one to a hundred for the other common commercial polymers. We do understand the reason for this narrow molecular weight distribution of PVC as being due to the high chain transfer to the vinyl chloride monomer. This narrow range of molecular weight distribution also limits one in developing high shear rate processability of PVC without the use of additives.
In the polymer business we are always confronted with the problem of compromise between processability and utlimate properties of the processed polymer.
In order to get easy processability, one tries to have as low molecular weight polymer as possible.
On the other hand, to obtain desirable ultimate porperties of the polymer, one would like to have as high a molecular weight as possible.
In the case of PVC, the molecular weight is determined primarily by a polymerization temperature.
There's little or no effect of the initiator concentration on the molecular weight of the polymer.
As one increased the temperature of the polymerization, one decreases the molecular weight of the resulting polymer, although as we've said before, the molecular weight distribution is not changed. Unfortunately, the PVC has thrown us another ringer in its polymerization behavior. In order to get increased molecular weight, one lowers the temperature, but by just lowering the temperature, one also changes the conformation of the polymer chain. At lower temperatures, one increases the syndiotatic content of the polymer chain and this significantly affects the subsequent properties of the polymer. Commercial PVC normally produced in the range of 40-70°C has generally about 10-15% crystallinity, a molecular weight of ca.
100,000 and a syndiotactic ratio of about 54. Polymerizing PVC at lower temperatures, for example at 5°C, produces a polymer with a molecular weight of approximately 500,000 and the syndiotacticity changes from .5k to .57, a small change in the stereo-regularity. This moderately small change in the molecular weight and accompanying small change in syndiotacticity, causes a major change in the resulting polymer (28) . Polymer produced at 5°C is virtually an intractable material and cannot be processed. Research is necessary in order to change the molecular weight and molecular distribution by other means rather than the temperature. By tricks in the polymerization methodology, PVC producers are attempting to produce PVC's with a higher molecularweight, and a broader weight distribution, and at the same time, with a decrease in syndiotacticity. It is hoped by this methodology one can produce a PVC which has better ultimate properties, and at the same time without .a large sacrifice in processing properties.
It is not possible to talk about the processing of PVC without also discussing the uniqueness of PVC in respect to its thermal stability.
It is impossible to process rigid PVC without the addition of thermal stabilizers. There are many potential causes of the thermal instability of PVC, but few people would agree as to the major causes (30) . The widely accepted possible causes of instability are: 1) allylic chlorine structure, 2) unsaturation in the polymer, 3) long-chain branching, k) hydroperoxide linkages, 5) carbonyl groups, 6) head-to-head configuration for the polymer. It is not my desire to review the literature on the thermal stability, just to touch upon some of the aspects which can affect the processability of PVC. To date, even with a large number of research papers appearing on the thermal stability of PVC, no conclusive unambiguous data has appeared, which would substantiate one or a combination of several of the above polymer defects which could explain PVC instability. Data which has been obtained on model compounds, suggest that the stability of PVC like materials should be far greater than those achieved by corrinercially available polymers.
There is indeed some question as to what the ultimate stability of polyvinyl chloride could be in the absence of the afore mentioned defects. One thing is clear, the poor thermal stability of PVC limits the temperatures of PVC processing and this, of course, limits the lower limit of viscosity.
It is unfortunate that the stability of PVC decreases with increase in temperature at a much faster rate than melt viscosity decreases with increasing temperature (29) . It is this basic property of PVC that has intuitively led engineers in the past to develop compound additives which would allow one to process rigid PVC at lower temperatures with better controlled thermal conditions.
The decade of 80's, will be studying ways to better process PVC. These studies are just as challenging or more challenging than those areas of research studied during the 60's and 70's. Understanding of the role of the resin particulate nature, particularly in regard to the role of the outer skin, on the processing and additive interaction properties of PVC will have to be developed. The understanding of the fusion process and processing characteristics of a resin lies in the understanding and developing of a better knowledge of exactly what the nature of the flow unit is.
This seems like a trivial question, but indeed has many ramifications.
Evidence in the literature has already been established that PVC does not flow by a molecular process, but indeed the mechanism is more described as being particulate. It has also been established that previous work histroy or processing history, strongly affects the rheological behavior of PVC. In other words, the target and the material is changing constantly with the history of the sample. The role the crystallites play in the processing and the ultimate properties of the plastic is also an area in which needs extensive and definitive research. A third area of major lack of understanding of PVC is the development of physical properties by the processed compound. It is been shown a decade or more ago that PVC without losing its particulate structure, can exhibit tensile properties, equivalent to those materials that have been completely processed and have had all of their particulate structure destroyed. The understanding of the interdiffusion boundry between the particles, whether we are talking about a hundred micron, or one micron or the hundred A° particle, should be better understood in order to obtain the maximui utilization of PVC. This latter subject leads us into the study of the. mechanics of the polymer and the fracture properties of compounds that we are now using. It also leads us to the understanding and study of so-called alloy systems, polner-poliuer compatible systems, using PVC as the base material to develop better, stronger. and more readily processible materials in the future. The property which has been studied extensively, but still eludes PVC scientists is the underlying causes for thermal instability. Identification of these principles and correction of the polier defects causing instability will lead to a major breakthrough in processing approaching the ideal of a no additive PVC extrusion.
